. Here, by combining X-ray scattering, computer simulations, microscopy and measurements of pDC IFN production, we demonstrate that a broad range of antimicrobial peptides and other cationic molecules cause similar e ects, and elucidate the criteria for amplification. TLR9 activation depends on both the inter-DNA spacing and the multiplicity of parallel DNA ligands in the self-assembled liquid-crystalline complex. Complexes with a grill-like arrangement of DNA at the optimum spacing can interlock with multiple TLR9 like a zipper, leading to multivalent electrostatic interactions that drastically amplify binding and thereby the immune response. Our results suggest that TLR9 activation and thus TLR9-mediated immune responses can be modulated deterministically.
Here, we show why a broad range of cationic molecules besides LL37 can complex with DNA and trigger interferon production in pDCs, whereas many other cationic molecules do not. We delineate the governing physical criterion for such high interferon secretion, by combining synchrotron small angle X-ray scattering (SAXS), fluorescence microscopy, computer simulations, and measurements of IFN-α production by pDCs. Both IFN-inducing and non-IFN-inducing cationic molecules form complexes with DNA and transport it into TLR9-containing endosomes of pDC. The key determinant for activation is the self-assembled structure of the liquid-crystalline peptide-DNA complex, especially the inter-DNA spacing between parallel DNA ligands. Using a coarse-grained computational model we show that electrostatic interactions between TLR9 and DNA are optimized when DNA columnar complexes have an inter-DNA spacing that is commensurate with the steric size of TLR9 receptors-allowing for 'interdigitation' of multiple receptors and ligands, like teeth in a zipper. The presentation of optimally spaced, parallel DNA ligands results in a new form of multivalent interaction 11 that drastically increases the number of active, ligandbound receptors and thereby leads to potent IFN induction in pDCs.
We first assess the relationship between pDC activation and the structure of DNA complexes by using three prototypical examples of DNA-peptide complexes. Human immunodeficiency virus (HIV) transactivator of transcription (TAT) is a polycationic peptide that can penetrate cells 12 and gain endosomal access. We find that incubation of pDCs with TAT-DNA complexes does not produce significant levels of IFN-α in pDCs (Fig. 1) . TAT-DNA complexes efficiently enter TLR9-containing endosomal compartments (Fig. 2b) , however, suggesting that endosomal access is not sufficient for strong IFN induction in pDCs. SAXS measurements show that DNA is organized into a columnar arrangement within TAT-DNA complexes, similar to many phases of DNA (and other biological polyelectrolytes) condensed by multivalent cations 13 . Diffraction peaks from TAT-DNA complexes are observed at q 100 = 2.48 nm −1 , q 101 = 3.08 nm −1 and q 110 = 4.41 nm −1 (Fig. 1a) , characteristic of a columnar hexagonal lattice with parameters a = 2.90 nm, c = 3.50 nm (Fig. 3d ) 14 , which corresponds to a bundle-like complex with close-packed DNA. Like TAT peptide, human β-defensin-3 (HBD3) is polycationic, and is capable of condensing DNA and accessing TLR9 in endosomes. In contrast to Figure 1 | Interferon IFN-α production in dendritic cells through TLR9 activation depends on DNA spacing in electrostatic DNA complexes formed with polycations. a, Representative SAXS data from peptide-DNA complexes that induce strong IFN-α production in dendritic cells (DNA with the antimicrobial peptide HBD3) and those that do not (DNA with TAT cell-penetrating peptide). Higher-order reflections for the TAT-DNA hexagonal lattice are shown in the upper right corner. b, IFN-α production by pDCs stimulated with polycation-DNA complexes, normalized for the amount of complex internalization, shows a strong correspondence with SAXS measurements of their first di raction peak q-positions. As the first peak position is inversely proportional to the inter-DNA spacing, a narrow range of inter-DNA spacings result in high IFN-α production levels. Inset and shading are included to distinguish HBD3 and G6 bars. c, Illustration of the TLR9-dsDNA complex whose structure is unknown, based on the solved structure of (homologous) TLR3 complexed with dsRNA (refs 15,16 TAT peptide, HBD3-DNA complexes induce strong ∼2,200 pg ml
IFN-α production in pDCs, which is roughly 100 times higher than IFN-α production from TAT-DNA complexes, consistent with extant results 6 . SAXS measurements (Fig. 1a) show that DNA within HBD3-DNA complexes also forms a columnar phase. A DNA correlation peak is observed at q DNA = 1.92 nm −1 , indicating that the inter-DNA spacing in HBD3-DNA complexes is 3.25 nm, which is considerably larger than the spacing in TAT-DNA complexes. Likewise, we find that LL37, which accesses TLR-containing endosomes (Fig. 2b) and induces high levels of IFN-α production in pDCs (Fig. 1b) , also self-assembles with DNA into a columnar structure with an inter-DNA spacing a DNA = 3.40 nm (Fig. 3a,b) significantly larger than the DNA diameter. These measurements suggest that the inter-DNA spacing in liquid-crystalline columnar DNA complexes correlates with induced IFN-α production by pDCs.
To test this hypothesis, we measured pDC activation for a broad range of self-assembled DNA complexes with different inter-DNA spacings by repeating the above analysis with a diverse set of natural and synthetic cationic agents, including peptides (R9, TAT, polylysine (MW ∼ 70,000), human beta-defensin-3 derivative (hBD3d), nuclear localization sequence (NLS), penetratin, human beta-defensin-3 (HBD3), LL37) as well as non-peptide cationic molecules (hexamine cobalt, tris(ethylenediamine) cobalt, protamine sulphate, polyethylenimine polymer (average molecular weight 750 kDa; PEI750k), polyamidoamine (PAMAM) dendrimers (G3, G4, G6)) (Supplementary Table 1 ). SAXS measurements show these cationic agents condense DNA into ordered columnar complexes with a range of inter-DNA spacings from a HexamineCo = 2π/q HexamineCo = 2.43 nm for hexamine cobalt(III) to a G3 = 2π/q G3 = 4.37 nm for PAMAM dendrimer G3 (Fig. 1b) . A crucial criterion for pDC activation in these DNA complexes is the inter-DNA spacing: strong IFN-α responses are induced by complexes with first peak positions between 1.8-2.0 nm −1 corresponding to inter-DNA spacings near a ∼ 3.5 nm (Fig. 1b) , whereas complexes with a spacings that deviate from this value induce weaker responses. Changes in salt levels over the range of physiological concentrations present in endosomes did not alter the structures of representative polycation-DNA complexes or their inter-DNA spacings to a degree sufficient to change activation profiles (Supplementary Fig. 2 ). Importantly, DNA complexed with polycations that induce strong and those that induce weak IFN-α responses both can access endosomes and co-localize with TLR9 (Fig. 2) . The colocalization of non-inducing complexes with TLR9 demonstrates that cellular entry and trafficking cannot be solely responsible for their lack of activity. The efficiency of endosomal access may, in principle, modulate the degree of IFN-α response of polycation-DNA complexes that induce IFN-α production. These results show that the presentation of spatially periodic DNA with spacings comparable to the TLR receptor size can drastically increase IFN-α production by pDCs. The 'sweet spot' of 3-4 nm spacing is suggestive. The low-distance cutoff is roughly the steric size of TLR receptors [15] [16] [17] , which defines the distance of closest approach between receptors. The large-distance cutoff is consistent with strong electrostatic interactions expected in this system, which allows anionic DNA to interact with both the inside and outside surfaces of adjacent cationic TLR9 receptors, and thereby 'crosslink' such receptors into a zipper-like ligand-receptor array (Fig. 1c,d) . To test the plausibility of these explanations for the striking observations in Fig. 1 , we will need to construct a suitable quantitative model.
Because a single ordered columnar DNA complex ('DNA bundle') can bind transversely and effectively present a spatially periodic 'grill'-like array of parallel DNA chains to multiple TLR9 receptors, there is potential for multivalent binding effects (Fig. 1d) . The degree of multivalency can be estimated via the measured domain size (Fig. 3a) of DNA ordering (Fig. 3b-e) . Generally, in systems where ligands are able to form multiple weak bonds with target receptors, one can expect to observe 'super-selectivity'-that is, binding increasing sharply with receptor concentration 11 . Binding of immune complexes to TLR9 receptors is more complex, and depends sensitively on inter-DNA spacing in the bundle; we observe a drastic ∼100-fold change in IFN-α production as the distance between DNA chains in a complex shifts ∼0.5 nm. These systems are at present not accessible to all-atom simulations. Therefore, to investigate the origin of TLR9 amplification, we developed a coarse-grained computational model.
We first consider binding of TLR9 receptors to an isolated DNA chain. If there are κ available binding sites on DNA to which receptors can attach, the expected number of receptors, n B , that are actually bound to the DNA is less than κ:
where ε is the binding free energy of receptors to DNA, which depends on DNA-TLR9 interactions and on the density of receptors on the membrane (see Model in Supplementary Information). In the case of weak binding, e −ε/k B T 1, this simplifies to n B ≈ κe −ε/k B T . For ε ≈ 4k B T , the TLR9 receptors will cover less than 2% of an isolated DNA chain. When DNA chains are arranged into a bundle, however, the electrostatic interactions between TLR9 molecules and DNA are different: each cationic TLR9 molecule can now interact with three anionic DNA chains (Fig. 4a) , the one in the TLR9 binding groove, and the two immediately adjacent to it. The effective binding free energy is then
where U (a) is a sum of all additional interactions between a TLR9 molecule and an adjacent DNA chain (electrostatic interaction is represented by the screened Yukawa potential and steric repulsion between TLR9 and DNA by the repulsive term of the 12-6 LennardJones interaction, see Model in Supplementary Information and Supplementary Fig. 4 ). The binding free energy ε * to a bundle decreases (binding becomes stronger) when the spacing between DNA is reduced-until the spacing is so small that steric effects become important. The binding is strongest for commensurately spaced DNA chains that allow 'interdigitation' between TLR9 and the periodic DNA array, where multiple receptors and ligands interlock in an alternating manner. Such optimal ordered structures can recruit and bind many TLR9 molecules ( Fig. 4b and Supplementary Fig. 4 ) and trigger an order of magnitude stronger pDC response than the mismatched structures.
To test this hypothesis, we performed Monte Carlo simulations to determine the equilibrium number of bonds, n B (a), formed between TLR9 receptors and a DNA array with set ligand number κ = 6 (extracted from the LL37-DNA domain size, Fig. 3a ) and given spacing a. For strong binding (ε < 2k B T ), the number of formed bonds does not depend strongly on DNA spacing; n B is appreciable for expanded bundles with large a. This regime is inconsistent with our observations (Fig. 1b) because bundles with large a (small q) do not induce high amounts of IFN-α production (see Supplementary Note 7). In the weak binding scenarios, ε = 3k B T , 5k B T and 7k B T , the curves follow the experimental trend and exhibit a pronounced maximum at 2π/a * ≈ 2 nm −1 (Fig. 4b) , corresponding to the optimal lattice spacing a * ≈ 3 nm. These conditions approach the close-packing limit for DNA chains and TLR9. At smaller spacing, steric repulsion prevents binding and leads to the sharp decrease in n B . Therefore, the self-organization of an interlocking receptor-ligand array strongly enhances binding of DNA bundles to TLR9 receptors.
The single TLR9-DNA bonds are relatively weak, but their number n B increases significantly with the decreasing lattice spacing-up to a ratio n B (a * )/n B (∞) of approximately 5 to 10. The possibility to form many weak bonds greatly increases the combinatorial entropy and thus decreases the free energy F(a) for DNA bundles binding to the receptor-decorated membrane. The number of all active (that is, bound to DNA) receptors is determined by the product of the number of bound DNA bundles and the average number of bonds each bound bundle makes with receptors:
Accounting for these different layers of statistical mechanical effects from multivalent binding, one can clearly see (Fig. 4c) that the response of the cell from receptor activation, N A (a), becomes strongly amplified. This can be seen in a Langmuirlike analytical model (see Analytical theory in Supplementary Information) that predicts exponential scaling of n B (a) with the binding strength, whereas the total activation N A (a) shows a much stronger double-exponential dependence 18 . The degree of selectivity can be defined as a ratio of cell activation in optimally condensed (a = a * ) and expanded (a → ∞) bundles:
Experimental observations predict γ ≈ 100 (Fig. 1b) , which agrees with numerical simulations and theory based on this plausibility model with a reasonable choice of parameters (Fig. 4d) . Moreover, these results are robust: the same trends are observed qualitatively when effects from monovalent salt ( Supplementary Fig. 5 ) and noise (allowing the DNA to diffuse about their average position in the twodimensional (2D) lattice) ( Supplementary Fig. 6 ) are incorporated into the simulations.
The simplified quantitative model above strongly suggests that electrostatic self-assembly between DNA, cationic ligands, and TLR9 can drive a drastic amplification of the number of active receptors. Importantly, TLR9 activation depends on both the inter-DNA spacing and the number of DNA ligands in the complex, as both factors contribute strongly to multivalency and binding amplification. The above effects can operate in concert with other processes, such as protection from enzymatic degradation 10 , receptor cooperativity 19 , and downstream consequences of active TLR9 receptors.
In vitro experiments have used cationic liposomes to form DNA complexes that are internalized in dendritic cells and transfected cell lines to modulate TLR9 activation 1, 6, 20 , but the microscopic mechanism is not understood. Consistent with our model, cationic lipids can also organize DNA into a rich polymorphism of spatially periodic structures, including 2D lamellar structures with LETTERS tunable inter-DNA spacings 21, 22 . The emerging picture implies that pDC activation is not deterministically controlled by uncorrelated binding between individual ligands and receptors; rather, the induced organization of immune ligands into optimal periodic structures can result in massive binding enhancement, and thereby strongly amplify immune response.
Although our explanatory model is relatively simple, the empirical results described here have broad implications for controlling the immune response. It will be interesting to determine whether natural AMPs can bind to and organize DNA fragments from permeated pathogens, and thereby enable multivalent presentation to TLR9 and promote adaptive immune responses. As TLR9 activation is highly sensitive to inter-DNA spacing in ordered electrostatic complexes, knowledge of their structures can inform immunotherapies. The data here suggest that cationic proteins, peptides, or other cationic agents less than 0.5 nm in size or greater than 2.0 nm in size do not activate TLR9, as steric constraints will prevent them from forming a TLR9-DNA zipper. The behaviour of cationic proteins or peptides in the intermediate size regime between 0.5 nm and 2.0 nm can be engaged via straightforward computer simulations 23 if the structures are known, as electrostatic binding in aqueous environments depends on charge distribution, shape, and binding orientation of the protein. Importantly, these results suggest that TLR9 activation can be attenuated by engineering the inter-DNA spacing to suppress the receptor-ligand zipper arrays via competitive binding, and potentially suppress inflammation in autoimmune diseases such as psoriasis. Likewise, by leveraging the fundamental understanding of electrostatic selfassembly 23, 24 , we can deterministically trigger immune responses in the context of vaccines, and predict which synthetic nano-sized objects are likely to induce adventitious inflammatory response, with strong implications for nanotoxicology.
Methods
Methods and any associated references are available in the online version of the paper.
